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Abstract
Nano mechanical behavior of Mg—Li nanowire is investigated under tension and compression to elicit property alteration due to Li alloying
in Mg within hexagonal range. Embedded atom method (EAM) is employed to carry out present simulation work. Nanowire under consideration
is supposed to be isotropic and mechanical behavior is uninfluenced by material texture. The elastic modulus, yield strength both in tension and
compression is assessed with change in strain rate. Effects of temperature in tension and compression are studied. Results of present simulation
work elicit serrated yielding under uniaxial tension, however, twin mediated deformation under compression is completely tuned with previously
reported experimental works. This investigation bridges nanometer scale properties to microscale material response, which in turn can be applied
for designing suitable robust processing routes of this material.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
Mg—Li based alloys are potential next generation structural
material for automotive, aerospace and other transport indus-
tries for light weight, fuel efficient automotive components due
to its high specific strength with stiffness [1–8]. This particular
alloy design seems to be lightest (ρ ~ 1.3–1.7 g/ cm3) among all
commercial magnesium casting component as well as other
metallic structural materials, hence draw attention as a com-
petitive structural material. Depletion of Taylors five indepen-
dent slip systems [9], below 225 °C deformation of
polycrystalline hcp-Mg, is restricted to basal (0001) <
1120 > slip and pyramidal {1012} < 1011 > twins. Magne-
sium exhibits poor plasticity and strong deformation texture
during conventional metal working like rolling, forging extru-
sion but addition of Li (bcc) to Mg (hcp) decreases c/a ratio
from 1.624 (pure Mg) to 1.607 (Mg—17 at% Li, near solubility
limit) [10]. Increasing activity of non basal prismatic slip plane
improves room temperature ductility of Mg—Li α-solid solu-
tion [11]. Increase in critical resolved shear stress for basal slip
with increase of Li concentration has been reported by previous
researchers [12]. Moreover segregation of Li in Mg—Li or
Mg—Li—Al alloy is also not very well understood [13,14].
Along with that assessment and understanding of deformation
modes, thereafter correlation of microstructure and process
parameters for optimum material performance for reliable and
safe service condition is of great importance. Evaluation of
mechanical behavior at molecular length scale bridges micro-
scopic, in turn macroscopic continuum mechanical response of
the material [15,16]. Therefore, molecular dynamics analysis is
a potential method for understanding physical phenomena inex-
plicable and/or inaccessible in macroscopic length scale inves-
tigations. Pure magnesium has been well explored in molecular
dynamics simulation, various attempts to simulate the large
scale molecular dynamics of pure Mg for understanding its
deformation behavior is well studied, special focus also given to
twin formation as well in Mg [17,18]. Nanocrystalline modifi-
cation of hcp-Co (similar c/a ratio ~1.63) exhibits superior
mechanical properties than its micro-crystalline counterpart
which is believed due to high density of stacking fault is notice-
able on basal planes [19,20]. This idea can be extrapolated for
pure Mg too. However, addition of alloying elements to
Mg—Li alloy has been very less explored for its nanoscale
properties [21], but many ab-initio studies have been done in
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recent time studying its mechanical and physical properties
[22–24]. In previous MD simulation of Mg—Li a cubic box
with 600 particles and periodic boundary conditions [25] struc-
tural properties was studied after an equilibration period of
10,000 time step, but it was based on LJ type potential. LJ pair
potential does not imitate the structural properties of metallic
system. That is why metallic bonds are described by embedded
atom method (EAM) potential, which provides the best descrip-
tion of the metallic bonding in the work piece [26]. At present
most of the simulation of metals are done using EAM or some
kind of a modification of EAM potential like modified embed-
ded atom method (MEAM) or 2NN (2nd nearest neighbor)
MEAM to predict the molecular trajectories accurately
[27–29]. Here we present our work which elicits a large scale
molecular dynamics simulation of Mg—5Li alloys. Mg—Li is
always interesting to study for its very light weight,
computationally however it is very less explored. As the
multiscale modeling is gaining popularity it is not necessary to
study the deformation behavior of materials at nanoscale.
Regarding Mg—Li there are ab-initio studies for shear
modulus, bulk modulus [23], there are also a large set of studies
on Mg—Li—X (X for various metals like Ni, Al etc.) [30].
Ab-initio DFT studies are derived from very fundamental
assumptions by taking quantum mechanical properties into
account, but as it is very fundamental in nature it is not
computationally efficient to take a large number of electrons
into the computation. That is where large scale molecular
dynamics simulation is used to predict material properties to a
very large number of atoms. Large scale molecular dynamics
study of Mg—Li is not that frequent in literature. Especially our
choice of 5.5% of Li in Mg—Li alloy which has a significant
role in lightweight metal industry is yet to be studied with the
help of molecular dynamics. Li addition to the alloy will result
into two phase addition of Li between 5.5 and 11 wt % results
in a two phase, α (hcp) and β (bcc), structure. Per the author’s
knowledge on Mg—Li alloy, there has not been a detailed
nanoscale molecular dynamics study of this alloy. Apart from
Mg—Li alloy, we can say particularly the hexagonal phase of it.
Our work on the deformation mechanisms under tension and
compression at a certain strain rate, effects of variable strain
rates and evaluation of temperature dependence mechanical
behavior may help to understand the atomic scale failure
phenomena. This is the main aim and objective of the
material.
2. Potential model and simulation methods
To obtain physically meaningful results from atomistic
simulations, it is essential that reliable interatomic potentials
are used, inter atomic potential track the atomic trajectories
during any simulation. That is why only a reliable interatomic
potential can reproduce various physical properties of relevant
elements or alloys, including the elastic properties, structural
properties, defect properties, surface properties, thermal prop-
erties etc. The potential use in this simulation is 2NN-modified
embedded atom type potential (MEAM) developed by Kim
et al. [31] Generally EAM potential accounts for the behavior of
an atom placed in a defined electron density that is why this
method can capture the physical reality of metallic bonding
[26]. This approach represents the total energy of the system as
a combination of two additive terms, a pairwise sum of inter-
actions between atoms and a term representing the electron
density of each atomic site. While calculating the forces on
atoms EAM uses a linear superposition of spherically averaged
electron densities. But MEAM, which was initially developed
by Baskes26, allows background electron density to depend on
local symmetry that is why it can consider the directionality of
the bonding of the material. But the original MEAM considered
interactions only among first nearest-neighbor atoms. So again
MEAM was modified by Lee and Baskes [28] and Lee et al.
[29] such that the interactions among second nearest-neighbor
atoms (2NN MEAM) are partially considered overcoming
some critical shortcomings of the original MEAM. In (2NN)
MEAM the total energy has been given by,
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where Fi is the embedding function for an atom i embedded in
a background electron density ρi. Sij and φij(Rij) are the
screening function and the pair interaction between atoms i and
j separated by a distance Rij. For energy calculations, the
functional forms for Fi and φij should be given. As mentioned
before the in 2NN MEAM potential background electron
density at each atomic site is computed by considering the
directionality of bonding, i.e. by combining several partial
electron density terms for different angular contributions with
weight factor. Each partial electron density is a function of
atomic configuration and atomic electron density of each
element. A perfectly ordered binary intermetallic compound,
where one type of atom has only the same type of atoms as
second nearest neighbors, is considered as a reference structure
in the 2NN MEAM. For the Mg—Li system, a fictitious B2
ordered structure is chosen as a reference structure [31]. The
total energy is given as follows,
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where Z1 and Z2 are the numbers of first and second nearest-
neighbors in the B2 MgLi structure respectively. In the present
case, Z1 and Z2 are 8 and 6, respectively. SMg and SLi are the
screening functions for the second nearest-neighbor
interactions between Mg atoms and between Li atoms,
respectively, and aids the ratio between the second and first
nearest neighbor distances in the reference structure. The pair
interaction between Mg and Li can now be obtained in the
following form,
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Originally it was tested for KISSMD software package [32].
The MD simulations have been done using Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [33] code.
LAMMPS need all [14] parameters to use MEAM type poten-
tial. The values of the parameters can be found in the work of
Kim et Al. [31]. NPT ensemble or an isothermal–isobaric
ensemble which describes a systems in contact with a thermo-
stat at temperature T and a barostat [34] at pressure p has been
used for the simulations with a periodic boundary condition in
all three directions has been applied. Emphasis has been given
on three criteria of strain rate, temperature and size in both
tensile and compression stress. The time step taken for all the
simulation is 0.001 ps. We have taken the hcp Mg—5Li alloy
for our consideration.
3. Results
3.1. Lattice constants and bulk modulus
Fundamental physical properties like lattice constant, cohe-
sive energy, bulk modulus of binary Mg—Li systems are cal-
culated and compared with experimental data of previous
research work [22]. All calculations presented here are per-
formed with a radial cutoff distance of 4.8 Å which is able to
take both direct Mg—Li, Li—Li and Mg—Mg interaction as
well as determine the extent of screening of an atom from the
interaction between two neighboring atoms for each Mg and Li
atoms. All calculations of lattice constant and bulk modulus
presented here are performed at 0 K, as the lattice vibration will
be minimum at that temperature. In large scale molecular
dynamics simulation, however, simulation is carried out on a
system created by the molecular dynamics code [33], so it is
also necessary to study the physical properties at 0 K and verify
it with previous simulation or experimental values. In present
work lattice energy minimization is done for a lattice constant
ranging from 2.8 to 3.4 Å. The range has been chosen such that
the lattice constant of Mg—Li is obtained from experiment
[35,36]. The obtained value of lattice parameter should fall
between the ranges. We found the minimum binding energy
found at a lattice constant of 3.03 Å (Fig. 1). This minimum
binding energy is also known as cohesive energy, calculated
value of this in present simulation is found ~1.644 eV, matches
the results of previous research work [31]. So we can take the
value of lattice constant for minimum energy. The elastic con-
stants of hcp Mg—Li are found to be C11 = 55.67 GPa,
C12 = 33.36, C13 = 19.79, C13 = 62.180, C44 = 12.89 GPa,
which is very similar to previous experimental or results
obtained from ab initio. A comparison study with pure Mg has
been shown in Table 1. The bulk modulus is a function of other
lattice constants, which is 2/9(C11 + C12 + 2C13 + C33/2),
which comes out to be 36 GPa, which also matches the values
derived by 2NN MEAM potential [fig. 3 of Ref. [31]] as well as
for previous experimental works.[38] Therefore, present model
is reliable and can be extrapolated further for simulating nano-
mechanical properties of Mg—5Li nano-wire.
3.2. Mechanical responses in tension at constant temperature
Mechanical response under uniaxial tensile stress has been
studied with various strain rates at a constant temperature. The
strain rate effect upon tensile flow of Mg—5Li nano wire has
been studied at 4.2 K with the strain rates of 107 108, 109 and
Fig. 1. Lattice constant vs energy plot, at a lattice constant of 3.03 A, the energy is the minimum.
Table 1
Comparison study of elastic constant and bulk modulus.
Metal C11 C33 C44 C12 C13 References
Mg 59.3 61.5 16.4 25.7 21.4 [37]
Mg—5.10Li 58.53 61.28 16.01 25.72 21.58 [38]
Mg—5Li 55.67 62.18 11.89 33.36 19.5 Current work
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1010. In lower temperature the kinetic energies of atoms are
much lower than in higher temperature, so the specific effect of
strain rate will be dominant in very low temperature. The tensile
stress is applied with time step of 1 fs up to failure. The wide
range of strain rate of 107–1010 will be able to predict the
behavior of Mg—Li in wide range of strain rates. Under vari-
able strain rates flow curve is almost linear initially, after reach-
ing a peak value stress values decrease steeply. The peak stress
can be defined as yielding stress [39]. Identified strain value
corresponding to yield stress is ~0.034 irrespective of strain
rates. Further, both yield strengths and Young’s moduli are least
affected by strain rates within the strain rates range studied in
this work (see Fig. 2). From the figure, there is no strain-
hardening observed for nanometer length scale samples of
Mg—Li alloy, so the yielding stress can be considered as
strength of the materials under tensile loading. The deformation
before yielding is supposed to be elastic and following peak
point deformation is plastic. Here the plastic region of defor-
mation plot is narrow as the Mg—Li nanowire the deformation
controlled by dislocation and staking fault. No tensile stress
induced phase changes has been observed. It shows slight plas-
ticity before it fails due to the severally stretched hexagonal
lattice and staking faults.
Plasticity comes from dislocations [40–42], but here the
failure is not dominated by dislocation but twinning and staking
faults, which is very common in any hcp materials. So the
failure of Mg—Li shows that the hcp crystalline stretched
beyond its elastic limit and also accompanied by staking faults
before it completely fails. The failure strain is almost 0.04
(however the differences has been pointed out in Table 2) for all
strain rates.
Regarding the strain rate effect is very similar to any
molecular dynamics study of nanowire as we observed higher
stress required at higher strain rate. The strain rate basically
induces a form of kinetic energy in nanostructures. The crys-
talline form of any metal always try to retain its form and shape
while deforming. Higher strain rate means it induce higher
kinetic energy inside the crystalline form. To obtain the higher
kinetic energy we have to apply higher stress. That is exactly the
same behavior we observe in Fig. 2.
3.3. Mechanical responses in compression at constant
temperature
Assessment of nanomechanical behavior under compression
is also performed under the same strain rates. The yield happens
in different stresses for 107, 108, 109 and 1010 strain rate at 4.2 K.
With increase in strain rate flow behavior changes drastically
and the failure strain too varies widely. Unlike tensile stress no
strain hardening is observed. The stress strain also shows linear
behavior until it breaks.
The most important phenomenon during deformation under
compressive load is the change of atomic stacking from hcp to
bcc after yielding (see Fig. 3 and Fig. 4). Under compression,
material deformation mostly contributed mostly by twinning.
The stress–strain plot of the same has been shown in Fig. 5. The
corresponding radial distribution function (RDF) curves are
shown in Fig. 6 where it is shown how the crystallographic
configuration of the alloy changed with the simulation time.
With the progress of simulation, the first peak of two curves
shifted to the right, and was accompanied by a certain degree of
broadening; Fig. 3 represents change in atomic stacking
sequence. The broadening of first peak signifies the increasing
a
b
c
Fig. 2. Stress–strain plot in different strain rates under tensile load at a constant temperature of 4.2 K. (a) Initial hexagonal crystal structure of the Mg—Li alloys
under tension, (b) stretched hexagonal lattice near the yield point, later the plastic flow happens for a very short time shown in (c) where the hexagonal lattices are
highly stretched but does not change phase, and also the white color staking faults in the materials. (a,b,c) has been taken from the deformation under the strain rate
1010 s−1.
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lattice parameters. There is an indication that loss of crystallin-
ity is clearer for the second peak as it is completely diminished
at higher strain. The radial distribution function broadens
because in the hcp structure the first neighbor atom was located
at the distance of ~2.84 Å, including 12 nearest neighbor atoms
the second neighbor atom was located at the distance of ~4.4 Å.
Two peaks overlapped and broadened because that atom
vibrated and skewed. With the progress of deformation under
compression, due to relative atomic displacement, the localized
atomic configuration of hcp (α) crystal structure transformed to
bcc in which there were 8 first neighbor atoms. The first peak
shifted to the ~2.7 Å on the left, accompanied by the height
decreasing and width broadening due to the decrease in coor-
dination number. With the progress of simulation, the charac-
teristic peak of the initial hcp structure was weakened, and other
secondary peak gradually flattened, while the characteristic
peak of bcc structure emerged gradually, and the strength of
alloys decreases step by step and finally failed.
Figure 6a, b, c represents gradual changes in stacking
sequence under compression based on common neighbor
analysis and figure d shows the top view of stacking nanowires
under compressive load confirming misplacement/fault in
atomic sequence.
3.4. Temperature effect on mechanical deformation
Temperature effects have been shown to be an important
factor in defining correctly key properties of low dimensional
nanostructures. In Fig. 7 we can see around 25% decreases in
yield for tension and compression from 4.2 K to 500 K with a
constant strain rate of 109 for all the simulation (see Table 2).
However the internal mechanism of failure remains the same
for both kinds of failure.
From the thermodynamic point of view, at higher
temperature, thermal motion and/or vibration of atoms are
more intense, which generates greater amplitude for atomic
vibration in its equilibrium position. Under uniaxial external
tensile load interatomic bonds get stretched and atoms get
dislodged from their equilibrium position easily, so the stress
of the nanowires reduces at the same strain, however, the
overall strain increases. This also indicates greater ductility of
Mg—5Li alloy at higher temperature than that of pure Mg.
The yield strength decreases as the temperature increases.
According to Eq. (3), the higher the temperature is, the more
the kinetic energy of the atoms, and the more easily the atoms
escape from their equilibrium position, resulting in lattice
defects. Being at the same strain, the lattice defects and/or
crystal dislocations of the nanowires are more intense at
higher temperature so that the nanowires are more easily to
reach their yielding limits, i.e. yield strengths. Therefore, the
yield strengths of the Mg—5Li nanowires at higher
temperatures will be lower than those at lower temperatures.
The deformation pattern changes at higher temperature. The
increasing temperature results into material softening, the
increasing contribution to the kinetic energy becomes more
dominant than twinning in the deformation of Mg—Li
alloy.Ta
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4. Discussions
Our present work elicits nanomechanical property of hex-
agonal Mg—5Li nanowire by molecular dynamic simulation.
Nanowire under consideration is supposed to be completely
random mixture of Mg and Li with no influence of material
texture on mechanical response. Mechanical behavior under
tension especially serrated stress strain plot is in line with the
results obtained by previous researchers [39]. Serration, indi-
cating plasticity, arose from new generation of dislocations and
their subsequent movement [39]. Again for two phase Mg—Li
alloys too such serrated yielding behavior was noticed. Kumar
et al. reported such serration is associated with Portevin–Le
Chatelier effect [43]. Decrease in c/a ratio in experimental work
elicits in tension Mg—3Li (α alloy) exhibit {1012} twin in
Fig. 3. Staking fault in tension. (a,b,c) shows how the atoms in a plane get misplaced. The color is CNA and the blue atoms are perfect atoms while the red atoms
are misplaced. (d) View from the top. The red hexagon got stretched compared to the blue one HCP.
Fig. 4. (a–d) Twinning in compression. (a,b,c) shows how the phase changes from hcp to bcc atoms. The coloring method is common neighbor analysis (CNA). The
blue atoms indicate hcp and cyan atoms bcc. (d) Magnified image of the deformation twinning. (e and f) Dislocation in tension.
41A. Mahata, K. Sikdar / Journal of Magnesium and Alloys 4 (2016) 36–43
tension and {1012} in compression [44]. AZ31 (hcp) also
shows similar {1012} tension twin [45] and in compression
{1011}–{1012} double twinning [46]. 2NM MEAM based cal-
culations by Young et al. elicit reduction of stacking fault
energy (SEF) due to Li addition [31]. Further, experimental
work of Agnew et al. reported reduction of SFE due to Li
alloying [47]. However, generalized stacking fault energy
(GSFE) based calculations by Han et al. [48] elicit plastic
deformation in hcp-Mg is contributed by sequential faulting of
basal planes, and Li alloying to Mg favor cross slip of Shockley
partials. Present investigations reveal deformation under
compression is twin mediated. Dong et al. reported for
Mg—3Li alloy compressive deformation is facilitated by exten-
sive twinning [49]. Previous research work also elicits
that twin activation is dictated by specific CRSS.
{1012} 2–4 MPa [50,51] and {1011} is ~114 (76–153) MPa
[49]. Previous research work shows that preferential site for
twin nucleation is the point of stress concentrations [49] say
twin boundaries [52] and precipitates [53]. With the develop-
ment and final shape of twin and detwins in tension, this stack-
ing faults work as a bridge in the transition between hexagonal
and much localized bcc structures.
5. Conclusion
In this study we presented a systematic analysis of Mg—5Li
hcp nanowires in a constant uniaxial tensile and compressive
strain rate varying temperature and constant temperature
varying strain rate by molecular dynamics method. Deforma-
tion under tensile load does not invoke phase transformation; it
remains hcp throughout the failure phenomena, whereas
the compressive load acts differently for all different
strain rates. The hcp changes its phases to non crystalline form
under compression. We also did detailed analysis of staking
faults in compression. Atomic scale analysis of deformation
defects may help us understand the large scale failure
phenomena.
Fig. 5. Stress–strain plot in different strain rates under compressive load at a constant temperature of 4.2 K.
Fig. 6. The radial distribution function plot in compression.
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Fig. 7. Stress–strain plot in different temperatures of 4.2 K under a constant
strain rate of 109 s−1 by (a) tensile and (b) compressive load.
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